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Abstract
Random Phase Approximation (RPA) is one of the main approximation tools in studying nuclear structure. Here, we present a graphical user
interface (GUI) Fortran code: Particle–Particle Random Phase Approximation (PPRPA) version 1, 2015. The code performs Tamm–Dancoff ap-
proximation (TDA) and Random Phase Approximation (RPA) calculations of nuclear structure of nuclei having A±2 nucleons in the total angular
momenta and isospin (JT) scheme. The Hamiltonian is diagonalized with a given input model space, single-particle energies and interaction. Space
function has been expanded to include orbits s, p, d, f, g and h. The current version of the code allows the user to test 20 orbits only. All possible
eigenvalues and amplitudes within a model space are calculated. The single-particle density, charge distribution density and transition density are
calculated in the basis of the harmonic oscillator potential. The primary utility of the PPRPA code is providing a visual tool to implementation and
understanding of the collective excitation techniques TDA and RPA. Impact of the program includes all students, researchers and all those inter-
ested in knowing the facts about the structure of the atom nucleus and about the success of approximation methods in different branches of science.
c⃝ 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/
by/4.0/).
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The goal of researchers in the field of theoretical nuclear
structure physics is to find a model that can describe the
excited states of nuclear systems with the same accuracy. The
nuclear structure problem is a many-body problem, as it arises
in many branches of physics. In the many-body problem, the
dimension of Hilbert space rapidly grows as the particle number
increases and the dimension of such space is too large in many
cases, preventing us from performing the full calculations [1].
Therefore, various approximate approaches exist to deal with
such systems [2].
The basic assumption of the Shell Model is that, each
nucleon is moving independently in an average field. The
simple correlations beyond Hartree–Fock (HF) can be obtained
by breaking the HF core and raising a nucleon from below
to above the Fermi level [3], so then the resulting states must
have a particle–hole pair. The excited collective oscillation can
be described as a linear combination of particle–hole states.
This approximation is called the particle–hole Tamm–Dancoff
approximation (ph TDA) [4–8]. The ground state and
the excited states are treated more symmetrically in the
particle–hole Random Phase Approximation (ph RPA),
allowing to have particle–hole pairs [4–11].
In the calculations of the simple Shell Model, the spectra
of two valence particle nuclei formed by the addition of
two particles beyond an inert core. Correlation among the
valence nucleons alone seem to be responsible for a variety
of experimental facts known about these nuclei. The collective
excitations can be described within the simplest scheme of
configuration mixing, namely TDA [4]. Including correlations
in the ground state, the theory of particle–particle random phase
approximation (pp RPA) assumes that the low-lying states of
(A − 2) nuclei are correlated two-particle operators acting on a
correlated core and the hole–hole random phase approximation
(hh RPA) assumes that the low-lying states of (A − 2) nuclei
are correlated two-hole operators acting on the same core
[12,13].
The purpose of this paper is to present Particle–Particle Ran-
dom Phase Approximation (PPRPA) code version 1, 2015 for
calculating nuclear structure and the transition densities of two-
particle (A + 2) or two-hole (A − 2) nuclei (program summary
is given in Appendix A). The main advantage is its friendly
user interface build using Intel R⃝Visual Fortran Composer XE
2013 for Windows. The program has been constructed in the
total angular momenta and isospin (JT) scheme to solve the pp
and hh, TDA and RPA equations of motion. The Hamiltonian
is to be diagonalized with a given input model space, single-
particle energies and interaction. Space function has been ex-
panded to include orbits s, p, d, f, g and h. The eigenvalues
in the model space, the single-particle density, charge density
distribution and transition charge density are calculated in the
basis of harmonic oscillator (HO). The eigenvectors are used to
calculate the transition density. We have also significantly im-
proved the capabilities of the program as far as plotting of the
functions and the associated densities through the call of mod-
ule file for DISLIN Fortran 90-Version 10.5 [14].2. Formalism
If we think of a ground state containing 2p or 2h
correlations, the collective excited states can be described as
a linear combination of pp or hh pairs, such an approximation
TDA. In RPA, a system of states more general and one allows
to have pp or hh pairs in both ground and excited states. We
present in this section, the theoretical background of all the
calculated parameters in the PPRPA code including collective
models and densities.
2.1. Random phase approximation (RPA)
Assuming a spherical nuclear system, the coupling to good
angular momentum is employed. The collective excited states
of the A+2 and A−2 systems of multipolarity J and isospin T
are generated by operating QĎτ,J T and P
Ď
λ,J T on the core |0⟩ [4],
QĎτ,J T |0⟩ = |A + 2, τ, J T ⟩
=

m≤n
X τ,J Tmn a
Ď
ma
Ď
n −

i≤ j
Y τ,J Ti j a
Ď
j a
Ď
i

|A, 0⟩ , (1)
PĎλ,J T |0⟩ = |A − 2, λ, J T ⟩
=

i≤ j
Xλ,J Ti j ai a j −

m≤n
Y λ,J Tmn aman

|A, 0⟩ , (2)
where the ground state (belong to the A-system) is defined by
Qτ,J T |0⟩ = 0; Pλ,J T |0⟩ = 0,
the label mn represents orbits above the Fermi level and ij
is for orbits below the Fermi sea. In pp RPA, we have two
kinds of variations δQτ,J T |0⟩ , gives two set of the equation
of motion [4,5],
⟨ R P A|

anam,

H, QĎτ,J T

|R P A⟩
= }Ωτ,J T ⟨ R P A|

anam, Q
Ď
τ,J T

|R P A⟩ ,
⟨ R P A|

ai a j ,

H, QĎτ,J T

|R P A⟩
= }Ωτ,J T ⟨ R P A|

ai a j , Q
Ď
τ,J T

|R P A⟩ .
(3)
Within the quasi-boson approximation, the amplitudes X τ,J Tmn
and Y τ,J Ti j for |A + 2, τ, J T ⟩ systems approximate as,
⟨A, 0| anam |A + 2, τ, J T ⟩
∼= ⟨H F |

anam, Q
Ď
τ,J T

|H F⟩ = X τ,J Tmn
⟨A, 0| ai a j |A + 2, τ, J T ⟩
∼= ⟨H F |

ai a j , Q
Ď
τ,J T

|H F⟩ = Y τ,J Ti j .
(4)
Eq. (3) can be written in a compact matrix form [4],
Aτ,J Tmnm′n′ B
τ,J T
mnij
BĎτ,J Tmnij C
τ,J T
i ji ′ j ′

X τ,J Tmn
Y τ,J Ti j

= }Ωτ,J T

1 0
0 −1

X τ,J Tmn
Y τ,J Ti j

(5)
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Cτ,J Ti ji ′ j ′ = −δi i ′δ j j ′

εi + ε j
+ V J Ti ji ′ j ′ ,
Bτ,J Tmnij = −V J Tmnij,
(6)
where ε is the single-particle energy, }Ωτ,J T is the excitation
energy and V J Tmnm′n′ is the two-particle matrix element of the
effective interaction. If sub matrices C and B set equal to
zero, then the RPA equation reduces to the TDA equation.
The behavior of two-hole nuclei is very much the same that
of two-particle nuclei except that the single-particle energies
change sign, therefore using PĎλ,J T we can get identical hh RPA
equations for the |A − 2, λ, J T ⟩ system,
Aλ,J Ti ji ′ j ′ = −δi i ′δ j j ′

εi + ε j
+ V J Ti ji ′ j ′ ,
Cλ,J Tmnm′n′ = δmm′δnn′ (εm + εn)+ V J Tmnm′n′ ,
Bλ,J Tijmn = −V J Tijmn.
(7)
The antisymmetric matrix elements of the modified surface
delta interaction (MSDI) used in this work has the form [7],
V J Tab,cd =
1
2
AT (−1)na+nb+nc+nd
×

(2 ja + 1) (2 jb + 1) (2 jc + 1) (2 jd + 1)
(1+ δab) (1+ δcd)
×

(−1) jb+ jd+ℓb+ℓd

ja
1/2
jb
−1/2
J
0

×

jc
1/2
jd
−1/2
J
0

[1− (−1)J+T+ℓc+ℓd ]
−

ja
1/2
jb
1/2
J
1

jc
1/2
jd
1/2
J
−1

[1+ (−1)T ]

+ {[2T (T + 1)− 3]B + C} δac δbd , (8)
with
AT =

A0 for T = 0
A1 for T = 1
where A◦, A1, B and C are the strength parameters of the
MSDI. In the case of a given interaction file, we need a set
of two-body matrix elements in isospin formalism (see Ap-
pendix B for a sample of interaction file).
2.2. Density
Charge Density Distribution
The charge density distribution (CDD) of a nucleus
consisting of A point-like particles can be evaluated by means
of the wave functions of a harmonic oscillator and is given by
[15],
ρ(r) = 1
4π

nℓj
ηnℓj (2 j + 1) |Rnℓ(r) |2, (9)
where the parameter ηnℓj is the occupation probability of the
state nℓj . Hence ηnℓj = 0 or 1 for empty or fully occupied
orbit, while for partially occupied state 0 < ηnℓj < 1.The radial wave function of harmonic oscillator potential
is [7]
Rnℓ = 1
(2ℓ+ 1)!!

2ℓ−n+3 (2n + 2ℓ− 1)
b3π1/2(n − 1)!
 r
b
ℓ
e−r2/2b2
×
n−1
k=0
(−1)k (n − 1)! 2
k
(n − k − 1)! k!
(2ℓ+ 1)!!
(2ℓ+ 2k + 1)!!
 r
b
2k
, (10)
where b = √}/mω is the size parameter. Using }c =
197 MeV fm, and mc2 = 938 MeV,
b2 = 41.4 MeV fm
2
}ω
. (11)
A better smooth approximation for the proton oscillator in both
light and heavy nuclei is [16]
}ωp ≈ 45A−1/3 − 25A−2/3. (12)
The mean square charge radii is defined by
r2

= 4π
Z
 ∞
0
ρ(r) r4dr. (13)
Transition Density
In terms of RPA amplitudes X and Y , the radial transition
density of state |τ, J T ⟩ is [17,18],
ρτ,J T (r)
=

2T + 1
8π(2Ji + 1) e(T )

T=0,1
(−1)T f −Tz

T f
−Tz
T
0
Ti
Tz

×

ab

X τ,J Tab + Y τ,J Tab

× ⟨a ∥YJ∥ b⟩ Rnaℓa (r)Rnbℓb (r), (14)
where e(T ) = e(1/2) + (−1)T e(−1/2), Tz = (Z − N )/2 and
tz = 1/2 for a proton and −1/2 for a neutron. The reduced
matrix elements of spherical harmonic can be written as [17],
⟨a ∥YJ∥ b⟩ = (−1) ja+ 12

(2 ja + 1) (2 jb + 1) (2J + 1)
4π
×

ja
1/2
J
0
jb
−1/2

1
2
[ 1− (−1)ℓa+J+ℓb ]. (15)
Thus the reduced transition probability becomes [19],
B(E J ; 0 → τ) = (2J + 1)
 r J+2ρτ,J T (r)dr 2 . (16)
3. Description of the PPRPA program
The PPRPA program has a user friendly interface for car-
rying out the calculations of nuclear structure of nuclei hav-
ing closed core ±2 nucleons. The program is built using
Intel R⃝Visual Fortran Composer XE 2013 for Windows. It has
been constructed in the total angular momenta and isospin (JT)
with a given input model space, single-particle energies and in-
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configurations in the model space for a given (J, T), (b) di-
agonalization of the pp and hh TDA and RPA equations, and
(c) calculations of the single-particle density, charge density
distribution and transition density, in the basis of the harmonic
oscillator (HO) wave function. We use the diagonalization
subroutine NROOT [20], which computes eigenvalues and
eigenvectors of a real non-symmetric matrix of the form B−1 A.
Additionally, we linked our code to the module file for DISLIN
Fortran 90-Version 10.5 [14] to plot functions and the associ-
ated densities.
4. How to use the code
The executable file pprpa will initialize the code and the
new interface window of the program will appear. We refer the
reader to the help file pprpa help.pdf file associated with
the package for various details related to the installation and
execution of the program. If you get any message of missing
files, please setup the Redistributable Libraries Packages for
Intel R⃝ Composer XE compiler (obtained in utilities folder
involved with the code package) [21]. The redistributable
library packages are for the end users who use applications that
are built with Intel Compilers. We describe here how to use the
code. The input files contain the values need to be modified
according to the studied nucleus before running the code, after
that many output files will be created.
4.1. Input files
Choosing (Input files) will open a sub-menu which
consists a number of files (the input files are described in
Appendix C):
Particle shells (p shells.dat)
Hole shells (h shells.dat)
Interaction (files.dat)
Single particle energies (SpEnergy.dat)
General (RPAPP11.dat)
Single-particle HO density (spDinput.dat)
Charge density distribution (CDDinput.dat)
Transition density (TrDinput.dat)
4.2. Run
Choosing (Run) will give you two alternatives,
(1) Run PPRPA: execute the whole PPRPA program,
(2) Calculate: also gives you three alternatives,
(i) Single-particle density: the calculations will run for a
single-particle HO wave and density function.
(ii) Charge density distribution: the calculations will run
for a charge density distribution.
(iii) Transition density: do the calculations of transition
density.If the file format is “xwin”, the created graph will be displayed
in a new window.
4.3. Output files
Choosing (Output files) will open a sub-menu which
consists a number of files:
Eigenvalues: Display the eigenvalues.txt file of the
calculated eigenvalues.
Eigenvectors: Display the eigenvectors.txt file of the
calculated eigenvectors.
Configurations: Display the configurations.txt file of
the all possible configurations as well as some details of the
calculations, like matrices of TDA and RPA.
Other files: Show the name and the location of all the created
files in a specific folder for each energy.
Density files: This option will give you three alternatives,
(i) Single-particle density: Display the file CCDout.dat for
the calculated charge density distribution.
(ii) Charge density distribution: Display the file CCDout.dat
for the calculated charge density distribution.
(iii) Transition density: It shows the name and the location
of the created file in a specific folder for the calculated
transition density.
5. Calculations and results
In this section, we report results of some of the calculations
performed by our code on nuclei having closed core ±2
nucleons. In the help file of the program, typical input files with
the associated output files are shown in full details. We have
chosen the 6He nucleus, where the output file is short.
5.1. Energy levels scheme
In order to give an overall idea of the performance of the
code, the energy level schemes of 18O, 18F and 14N are pre-
sented in Figs. 1, 2 and 3, respectively. The TDA and RPA equa-
tions are diagonalized in the model space of 16 nucleons in the
closed core: 1s1/2, 1p3/2 and 1p1/2, and valence orbits: 1d5/2,
1d3/2 and 2s1/2, in the presence of the WBP interaction [22].
The calculated results of RPA are obtained to be similar to that
of TDA. Both calculations agree quite well with the experimen-
tal results [23,24], which are also shown in figures.
5.2. Density
The charge density distribution of the closed shell nucleus
16O is used to check the code. In Fig. 4, the calculated charge
density distribution (in Ze. fm−3) of the ground state are plotted
versus the radii r (in fm) for the above nucleus in comparison
with the experimental curve [25]. The calculated result of the
root mean square charge radii ⟨r2⟩1/2 is presented. A good
agreement with experiment is obtained. The results of the open
shell nucleus 18O is calculated with setting the occupation
probability ηnℓj = 1.0, 1.0, 1.0, 0.167 for the states 1s1/2,
A.H. Taqi / SoftwareX 5 (2016) 51–61 55Fig. 1. The energy levels spectrum of 18O for the TDA and RPA calculations compared to experiment [23].Fig. 2. The energy levels spectrum of 18F for the TDA and RPA calculations compared to experiment [23].Fig. 3. The energy levels spectrum of 14N for the TDA and RPA calculations compared to experiment [24].
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1p3/2, 1p1/2 and 1d5/2, respectively. In 18O, 1d5/2 is occupied
by 2 of 12 nucleons.
The results of transition charge density for the lowest state
2+1 , T = 1(1.982 MeV) of 18O are interpreted in terms of ef-
fective charges and the harmonic-oscillator (HO) wave func-
tions of size parameter b which is set to the value brms that
reproduces the experimental root-mean square (rms) charge ra-
dius. Comparisons with the available experimental data are pre-
sented. Previous studies clear that the 0+1 to 2
+
1 transition is
dominated by d-to-d transitions [26]. Therefore, good agree-
ment with the experimental data [26] is obtained for the di-
agonalization of the Hamiltonian within valence orbits 1d5/2,
1d3/2. The calculated transition density and the reduced tran-
sition probability in terms of TDA and RPA amplitudes X
and Y , are presented in Fig. 5 with a good agreement with
experiment.
6. Conclusions
In this work, we have presented a visual Fortran 90 program
for the two-particle or two-hole excitations of nuclei that allowsone to study the nuclear structure of nuclei having A ± 2
nucleons in a TDA and RPA approaches, where the single-
particle density, charge density distribution and transition
charge density can be calculated. Also, we have significantly
improved the capabilities of the program by linking with
module file for DISLIN Fortran 90-Version 10.5.
We performed a number of calculations to give an overall
idea of the performance of the program. The results of these cal-
culations are in good agreement with similar studies performed
previously [26] and with available experimental data [23–26].
We have explained the main steps of the calculations and more
details are given with the help of the program.
With presenting the version of the graphical user interface
(GUI) visual Fortran program, we hope that program will be
useful for research students and, also for teaching undergradu-
ate and postgraduate courses in nuclear physics. In future, we
intend to extend and improve the program in several ways. We
plan to introduce the options of the Skyrme interactions, as well
to particle–hole and charge-exchange excitations. This will be
after the issuance of this first version of the program, so that we
take into consideration all the notes and comments we get back
by the employ of this code.
Appendix A. Program summary
Programming language: Fortran 90
Computer: PC with Intel Celeron, Intel Pentium, AMD Athlon
and Intel Core Duo processors.
Operating system: Windows.
Nature of problem: The problem of a nuclear structure is a
many body problem. Various approximate approaches exist to
deal with the problem to improved knowledge of the nuclear
matter equation of state as well as a better understanding of
the effective interaction in the medium. The collective excited
states of two-particle A + 2 or two-hole A − 2 nuclei can be
described through Tamm–Dancoff approximation (TDA) and
Random Phase Approximation (RPA) which admits to contain
the correlations in the ground state. This work provides a visual
tool to the implementation of the particle–particle (pp) and
hole–hole (hh) TDA and RPA calculations and density. Exact
many body solutions are possible in limited situations; thus, this
direction of work targeting the development and understanding
of the approximate techniques in nuclear structure and in the
other fields of science.
Solution method: This work provides a tool where one starts
from the diagonalization of the Hamiltonian for all the possible
configurations in the model space, and then calculations of
the single-particle density, charge density distribution and
transition charge density.
Restrictions: The charge-exchange excitations are not included.
The current version of the code allows the user to test 20 orbits
only
Running time: a few seconds.
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Appendix B. Sample of interaction file in isospin formalism
Appendix C. Input files
Choosing (Input files) will open a sub-menu which consists a number of files:
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